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Uc, Aliye, John B. Stokes, and Bradley E. Britigan. Heme 

I transport exhibits polarity in Caco-2 cells: evidence for an active and 
membrane protein-mediated process. Am J Physiol Gastrointest Liver 
Physiol 287: Gl 150-Gl 157. 2005. First published August 12, 2004; 
doi:10.1 152/ajpgi.00157.2004.— Heme prosthetic groups are vital for 
all living organisms, but they can also promote cellular injury by 
generating reactive oxygen species. Therefore, intestinal heme ab- 
sorption and distribution should be carefully regulated. Although a 
human intestine brush-border heme receptor/transporter has been 
suggested, the mechanism by which heme crosses the apical mem- 
brane is unknown. After it enters the cell, heme is degraded by heme 
oxygenase- 1 (HO-1), and iron is released. We hypothesized that heme 
transport is actively regulated in Caco-2 cells. Cells exposed to hemin 
from the basolateral side demonstrated a higher HO-1 induction than 
cells exposed to hemin frorn the apical surface. Hemin secretion was 

[more rapid than absorption, and net secretion occurred against a 

I concentration gradient. Treatment of the apical membrane with tryp- 
sin increased hemin absorption by threefold, but basolateral treatment 
with trypsin had no effect on hemin secretion. Neither apical nor 
basolateral uypsin changed the paracellular pathway. We conclude 

I that heme is acquired and transported in both absorptive and secretory 
directions in polarized Caco-2 cells. Secretion is via an active meta- 
bolic/transport process. Trypsin applied to the apical surface increased 
hemin absorption, suggesting that protease activity can uncover a 
process for heme uptake that is otherwise quiescent. These processes 

I may be involved in preventing iron overload in humans. 

heme oxygenase; alveolar epithelial cells; small intestine; enterocyte; 
I tin protoporphyrin 

IRON PLAYS A CRITICAL ROLE ifl the nomial physiology of living 
organisms, but it is also a source of cytotoxic free radicals. 
Because humans are unable to excrete excess iron, the body's 
iron balance is regulated through controlling its intestinal 
absorption (10). The majority of the body's iron is in the form 
of heme, which participates in the structures of many important 
enzymes, but can also be a source of reactive oxygen species 
(3,21). 

In North America and Europe, two-thirds of the dietary iron 
is present as ferric iron and one-third as heme (7). The majority 
of dietary ferric iron is not bioavailabie. Therefore, the two- 
thirds of iron absorbed through intestines is in the heme form. 
Because of its prooxidant effects and its role in providing the 
majority of the body's iron, heme absorption and distribution 
should be carefully regulated (7, 24), However, littie is known 
about the mechanism of heme absorption tiirough the intestinal 
mucosa (35, 47). 



Heme enters the enterocyte as an intact metalloporphyrin 
and the uptake is not competitive with nonheme iron, indicat- 
ing that acquisition occurs via a different mechanism (11, 35, 
47), It has been suggested that heme enters endothelial cells, 
murine eiytiu*oleukemia cells, embryonic cells, and HepG2 
hepatoma cells via a heme-receptor-mediated internalization 
process (3, 13. 14, 16, 17, 33). It is not known whether heme 
enters intestinal epithelial cells via a similar mechanism, but a 
poorly characterized brush-border heme receptor has been 
suggested to be present in pig and human intestine (18, 19). 
Others suggested that the heme acquisition process is indepen- 
dent of a receptor, and heme traverses the membranes via 
passive pathways (31). 

Once inside the cell, heme is degraded by an inducible 
enzyme, heme oxygenase- 1 (HO-1), with the release of inor- 
ganic iron (37). Inorganic iron formed by heme degradation is 
believed to compete with nonheme iron acquired by the cell 
tiirough die diet or body stores. Although human studies have 
been useful in elucidating the effects of dietary components on 
heme absorption (22-25), they are not suitable to study cellular 
and biochemical pathways involved in heme absorption. Most 
of the information about heme acquisition comes ft'om studies 
on bacteria that use heme as a source of iron (12). 

Caco-2 cells are an established model of intestinal epitiielial 
cells (20). They form a polarized monolayer and, after conflu- 
ency, differentiate to develop many characteristics of the small 
bowel epithelium. With their ability to absorb iron (2) and 
synthesize HO-1 (6, 44), Caco-2 cells could be a good model 
for assessing heme trafficking. Recent studies suggested tiie 
presence of a heme receptor in Caco-2 cells (46), which may be 
regulated by die cellular iron status (15). However, the actual 
heme transport mechanisms have not been identified. 

Our study shows that heme is capable of being acquired and 
transported in both the absorptive (apical to basolateral) and 
secretory (basolateral to apical) directions in Caco-2 cells via 
an active metabolic/transport process. Trypsin increases heme 
absorption, suggesting the presence of a protein that negatively 
regulates heme uptake by the apical membrane. These events 
may be important mechanisms to prevent iron overload in 
humans. 

MATERIALS AND METHODS 

Tissue culture. Caco-2 cells were obtained from the American Type 
Culture Collection (ATCC; Rockville, MD) and were used between 
passages 30 and 65. Stock cultures were grown to confluency at 37°C 
in 5% CO2 using DMEM (Mediatech. Cellgro, Hemdon, VA) con- 



Address for reprint requests and other correspondence: A. Uc, 2865 JPP 
Pediauics. Univ. of Iowa Health Care, 200 Hawkins Drive, Iowa City. lA 
52242 (E-mail: aliyc-uc@uiowa.edu). 

G1150 



The costs of publication of this article were defrayed in part by the payment 
of page charges. The article must therefore be hereby marked *'advertisemenf* 
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 

http://www^ajpgi.org 



HEME TRANSPORT IN CACO-2 CELLS 



G1151 



taining 4.5 g/1 glucose, 10% FCS, 50 U/ml penicillin, 50 \ig/m\ 
streptomycin, and 15 mM HEPES. Fresh medium was added every 2 
days. Cells were released from stock plates by 3-5 min of 0.25% 
trypsin-0.1% EDTA treatment and plated at 30,000 cells/cm^ on 
polyester filters (Transwells; Costar, Cambridge, MA). Development 
of a confluent monolayer was confirmed when transepithelial resis- 
tance (TER) was stable for two successive days (~ 13-16 days after 
confluency). 

Calu-3 cells, a line of human airway epithelial cells derived from 
lung adenocarcinoma were kindly provided by Dr. Michael Welsh's 
core facility (University of Iowa, Iowa City, lA) after they were 
grown on 12-mm Millicell PCF filters (Miliipore. Bedford, MA) to 
confluency and developed tight junctions in an air-liquid interface. 

H441 cells, an alveolar type n epithelial cell line, were grown in 
RPMI 1640 with 6% FCS, 5 |xg/ml insulin, 5 jig/ml transferrin, 10 nM 
sodium selenite, 100 U/ml penicillin, and 100 ^g/ml streptomycin. 
Cells were seeded at 30 \ig DNA/cm^ on 12-mm Millicell PCF filters 
that had been pretreated with human placental collagen. The study 
was done after H441 cells became confluent as described (40). 

T84 cells were obtained from ATCC and grown to confluency at 
3TC in 5% CO2 using 1:1 mixture of DMEM and Ham's F-12 
medium containing 1.2 g/l sodium bicarbonate, 2.5 mM L-glutamine, 
15 mM HEPES, and 0.5 mM sodium pyruvate. Fresh medium was 
added every 2 days. Cells were released from stock plates by brief 
trypsin-EDTA treatment and plated at 30.000 cells/cm^ on 12-nmi 
Millicell PCF filters. The experiments were conducted after the cells 
became confluent and developed a stable TER (—18-21 days after 
seeding). 

Preparation of porphyrins. Hemin (3 mM, Sigma-Aldrich, St 
Louis, MO) was prepared in 1 N NaOH and diluted to 0.5 mM in 
phenol red-free MEM with L-glutamine (GIBCO Inviux)gen, Carls- 
bad, CA) and 10% FCS. The pH was adjusted to 7.4 by die slow 
addition of 12 N HCl. For convenience, we will use heme (Fe"*^) and 
hemin (Fe"*"^) interchangeably. Tin protoporphyrin (SnPP) was ob- 
tained from Frontier Scientific (Logan, UT) and diluted in 0.1 N 
NaOH. 

Cell viability assay. The methyl thiazol tetrazolium (MTT) assay 
was used to determine cell viability. This assay relies on production of 
formazan by the action of mitochondrial enzymes on MTT by living 
cells, and correlates well with other measures of cell number (26). 
Cells were exposed to the desired concentration of henun for 12-24 h, 
and then incubated with 0.5 mg/ml MTT (Sigma- Aldrich) for 2 h. The 
formazan formed was solubilized in 2-propanol and quantitated by 
measuring the absorbance at 550 nm. 

HO-1 immunoblot analysis. Proteins were separated by SDS-PAGE 
using 12% acrylamide resolving gels. After electrophoretic transfer to 
a nitrocellulose membrane, the blots were blocked in TTBS buffer (in 
mM: 10 Tris, pH 7.4, 130 NaCl. and 0.8 disodium EDTA plus 1% 
Tween 20) with 5% nonfat dairy milk for at least 1 h, and subse- 
quently incubated for 1 h with polyclonal HO-1 antibody to human 
(1:2,000) (StressGen Biotechnologies, San Diego, CA) diluted in 
TTBS buffer. The specific protein was detected by using goat-anti- 
rabbit immunoglobulin G conjugated with horseradish peroxidase 
(1:10,000) (Upstate Biotechnology. Lake Placid. NY). Blots were 
washed several times with TTBS buffer. Antibody-labeled bands were 
visualized by incubating the blots for 1 min with enhanced chemilu- 
minescence (ECL substrate; Amersham, Arlington Heights, IL), and 
exposing Kodak XAR film for 1-5 min.. The percent increase in 
protein induction was obtained by densitometric scanning (Alpha- 
Innotech, San Leandro, CA). Antibodies against catalase, CuZnSOD, 
and MnSOD were kindly provided by Dr. Larry Oberiey at the 
University of Iowa. Inducible nitric oxide synthase (iNOS) antibody 
was purchased from BD Transduction Laboratories (San Jose, CA). 

Measurement of porphyrin transport. After treatment of Caco-2 
cells monolayers with hemin (10-250 \iM) or SnPP (5-50 jlM), 
apically or basolaterally, medium on the opposite side was collected, 
and transport was determined spectiophotometrically in a diod-array 



UV/visible spectrophotometry (Agilent Tech, Palo Alto, CA). Hemin 
concenu^tion was measured at 407 nm using hemin standards and an 
extinction coefficient of 3.6 X 10* M/cm, SnPP transport was deter- 
mined at 409 nm using SnPP standards and an extinction coefficient 
of 12.4 X 10* M/cm. Transport was expressed as nanomoles per 
surface area over time. Transport experiments were carried out in 
phenol red-free medium, because phenol red. SnPP, and hemin ab- 
sorbed UV light at similar wavelengths. 

Measurement of cell-associated hemin. Hemin content of Caco-2 
cells was determined by using the protocol described by Balla et al. 
(3). Confluent Caco-2 cells were treated with hemin (10-250 jjlM), 
apically or basolaterally. At the end of treatment, medium containing 
hemin was aspirated, and cells were washed with HBSS three times. 
Cells were removed with 2 x 0.5 ml of formic acid washes, and heme 
content of formic acid solubilized cells was determined spectropho- 
tometrically at 398 nm with an extinction coefficient of 1 X 10^ 
M/cm. Cell-associated hemin was expressed as nanomoles per filter 
over time. 

l^HJnmnnitol flux. To measure paracellular permeability, 0.2 
jjiCi/ml of pHJmannitol (Perkin Elmer Life Sciences, Boston, MA) 
was applied to cell monolayers apically or basolaterally. at the same 
side of hemin treatment. At the end of u-eatment, 1 00 jjlI of medium 
was aspirated from the apical and basolateral sides and radioactivity 
was counted in a scintillation counter. [^HJmannitol flux to the 
opposite side was calculated as the percentage of the total isotope 
administered per square centimeter of surface area (38). 

Measurement of TER. TER was measured with an ohmmeter 
(World Precision Instruments. Sarasota, FA) using the method de- 
scribed by Hidalgo et al. (28) and defined as resistance multiplied by 
the surface area of the membrane. The resistance of the supporting 
membrane and solutions was subtracted from all readings. 

Statistics. One-way ANOVA and Tukey's method are used for 
comparison of different treatment groups. Results are expressed as 
means ± SE. Statistical significance was defined as P < 0.05. 

RESULTS 

Heme oxygenase induction exhibits polarity in Caco-2 cells. 
We and others (6, 44) have shown that Caco-2 cells increase 
their HO-1 mRNA. protein levels, and enzyme activity in 
response to heniin in a dose- and time-dependent manner. 
Because intestinal epithelial cells are primarily exposed to 
hemin in vivo coming from the intestinal lumen, we hypothe- 
sized that the HO-1 induction would primarily occur after an 
apical hemin exposure and investigated Caco-2 cell responses 
with apical and/or basolateral hemin treatments. Confluent 
Caco-2 cells were treated with various concentrations of hemin 
(50-250 jiM) and HO-1 immunoblots were obtained. These 
concentrations of hemin were nontoxic, as demonstrated by the 
MTT assay (control: 0.59 ± 0.01; hemin 250 \xM apical: 
.0.61 ± 0.01; hemin 250 fiM basolateral: 0.62 ± 0.01, n = 4, 
P = not significant). Caco-2 cells showed a dose-dependent 
response to apical or basolateral hemin exposure, but contrary 
to our expectations, the response was far greater if they were 
treated from the basolateral side (Fig. 1, A and B). Apical 
treatment did not have any additive effect over HO-1 induction 
with basolateral exposure. Hemin did not induce iNOS, cata- 
lase. CuZnSOD, and MnSOD proteins, as assessed by immu- 
noblot analysis (data not shown). 

Cell-associated liemin after apical or basolateral hemin 
treatment. We postulated tiiat the greater HO-1 induction after 
basolateral treatment could be related to hemin having better 
access to the intestinal epithelial cell cytoplasm from the 
basolateral side. To test this hypothesis, we measured the 
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I Fig. I . Differential induction of heme oxy- 
genase-! (HO- 1) in Caco-2 cells. Caco2 
I cells grown on filters were treated with hemin 
from the apical side (A), the basolateral side 
(B), or both. Immunoblots were performed. 
I The far right lane contains 50 ng of HO-1 
1 protein as a positive control. Hemin-depen- 
jdent induction of HO-1 in Caco-2 cells was 
I dose-dependent when exposure was either 
I apical or basolateral, and HO-1 induction was 
] far greater when exposure was basolateral. B: 
I densitometric analysis of the HO-1 immuno- 
I blots after treatment with apical or basolateral 
hemin for 24 h. n = 5; *P < 0.05; **P < 0.01. 
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cell-associated hemin (CAH) levels in Caco-2 cells (3). Cells 
were grown in the sanie conditions described above and treated 
with hemin (25-250 |jlM) apically or basolaterally. CAH was 
not different with apical compared with basolateral hemin 
exposure at 24 h (Fig. 2A), CAH was also examined over time 
with apical (100 \iM) or basolateral (100 \iM) hemin expo- 
sures (Fig. 2B). CAH levels were higher with apical hemin 
treatment initially (15 min, 30 min, 1 h, 2 h). These are time 
points when cellular HO-1 levels are still low and heme 
metabolism is probably also low (44). CAH levels were not 
I different between apical and basolateral treatments after 6 h of 
j exposure. Control cells had no endogenous heme detectable 
I with this technique. 

Hemin transport exhibits polarity in Caco-l cells. Because 
I Caco-2 cells show a greater induction of HO-1 with basolateral 
rather than apical hemin exposure, it is possible that transport 
mechanisms are different or a heme transporter is differentially 
expressed on the apical vs. basolateral side of the cells. To 
investigate the hemin transport, confluent Caco-2 cells grown 
on filters were treated with hemin (10-250 jxM) from the 
apical or basolateral side. Hemin was quantitated in the me- 
dium from the opposite side spectrophotometrically, as de- 
scribed in MATERIALS AND METHODS. As showu in Fig. 3/4, hemin 
secretory transport was more rapid than absorptive transport at 
all hemin concentrations. Hemin absorption and secretion (100 
|xM) were very low and not different the first 1 h of exposure. 
Hemin secretion continued with time; hemin absorption ap- 
proached a plateau after 2 h (Fig. 3B). We observed that SnPP 
was also more rapidly secreted than absorbed, suggesting that 
differential secretion was a common feature of protoporphy- 
I rins, regardless of the associated metal (Fig. 4). 

Ejfect of hemin on paracellular petmeability. During these 
[experiments, we noticed tiiat TER decreased if higher concen- 
trations of hemin (^200 fiM) were applied to the basolateral 
side (Fig. 5A). If this decrease in TER was the result of 



increased permeability of the junctional complexes, a portion 
of the secretory transport at these hemin concentrations could 
be via enhanced diffusion through this pathway. 

To determine the extent to which hemin secretory transport 
was related to increased paracellular permeability, we mea- 
sured [^H]mannitol flux across die monolayer. [^HJmannitol 
was applied to the same side as hemin and its flux to the 
opposite side of the monolayer was determined. Cell monolay- 
ers did not demonstrate increased permeabihty to pH]mannitol 
if hemin was given apically (Fig. 5^). In contrast, when hemin 
concentration was 200 |jlM or greater on the basolateral side, 
[^H]mannitol flux increased. Together, the results of the man- 
nitol flux, the TER measurements, and the unidirectional fluxes 
indicate that tiie majority of the secretory hemin flux at con- 
centrations of <200 fxM did not occur via a paracellular 
pathway, but rather via a transcellular pathway. 

Hemin secretion is active. The difference between the se- 
cretory and absorptive hemin flux (Fig. 3A) suggested tiiat 
secretion might be an active process. We tested this idea in two 
ways. First, we examined the temperature dependence of the 
transport processes. Confluent Caco-2 cells were treated witii 
hemin (250 apically or 100 jjlM basolaterally) at 37 or 4°C 
for 6 h. Cell viability at these conditions was confirmed with 
MTT assay. Both absorptive and secretory fluxes slowed con- 
siderably at 4°C. but the secretory flux slowed to a much 
greater degree tiian the absorptive flux (Fig. 6, A and B). These 
results are consistent with the idea that at least the secretory 
flux was active. We tiierefore tested whether hemin could be 
transported against a concentration gradient. We treated con- 
fluent Caco-2 cells with the same concentrations of hemin 
apically and basolaterally. After 24 h, hemin concentrations on 
both sides were measured spectrophotometrically (Table 1). 
Hemin was more concentrated on the apical side, demonstrat- 
ing that secretory transport occurred against a concentration 
gradient and was therefore active. 
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I Fig. 2. Cell-associated hemin (CAH) in Caco-2 cells. Cells were removed with 
I formic acid, and cellular heme content was measured spectrophotometrically. 
\A: dose response: Caco-2 cells were treated with 25-250 \lM hemin from the 
I apical or basolateral side for 24 h. CAH was not different with apical or 
basolateral exposure {n = 10, P == not significant). B: time course: CAH after 
apical (100 ^,M) or basolateral hemin (100 jiM) was examined at 15 min» 
30 min, 1 h, 2 h, 6 h and 24 h. CAH was higher with apical hemin exposure 
<6 h. rt = 4, *P < 0.05; **P < 0.01. 



Porphyrin binding to proteins. Because heme is bound to 
I proteins in biological systems (8, 34) and our experiments are 
conducted in serum-containing medium, we determined the 
amount of free hemin in our experimental conditions. Various 
concentrations of hemin were prepared in medium (phenol 
red-free MEM) containing FCS (5 or 10%) or BSA (1, 2, or 4 
mg/ml), Hemin preparations were centrifuged in Centricon 
I tubes (Millipore, Bedford, MA) (molecular weight cut-off: 
10,000) at 3,000 g (Beckman centrifuge) for 60 min to separate 
I serum-bound hemin from its free form. The spectrophotonjet- 
ric analysis of the ultrafiltrate showed no absorbance for hemin 
at 400 nm, suggesting that in our experimental conditions, 
hemin was essentially 100% bound to serum proteins or albu- 
I min. If cells were treated widi hemin in the absence of FCS, a 
I precipitation was noticed in the chambers. 



We determined that in our experimental conditions (10% 
FCS), SnPP was 74% protein-bound. Binding of SnPP to 
•albumin increased in a dose-dependent manner (61% at 1 
mg/ml BSA. 64% at 2 mg/ml BSA, 76% at 4 mg/ml BSA). 

Heme absorption is activated by trypsin. To determine 
whether heme transport could be modified by altering an apical 
membrane protein(s), monolayers were incubated with trypsin 
(0.0025%)-EDTA (0.001%) for 5 min apically or basolaterally 
before measuring hemin flux. The monolayers were then 
washed with HBSS three times, and the solution was then 
changed to phenol red-free medium containing hemin (250 fxM 
apically or 100 piM basolaterally) for 30 min to 6 h. Trypsin 
increased apical hemin absorption by threefold, whereas dena- 
tured trypsin had no effect (Fig. 7A). Trypsin applied to the 
basolateral solution had no effect on hemin secretion (Fig. IB). 
Trypsin did not change TER or pH]marmitol flux across the 
monolayer (Table 2). Preincubating cells with apical trypsin 
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Fig. 3. Hemin transport in Caco-2 cells, Caco-2 cells grown on fillers were 
treated with hemin from the apical side (•) or the basolateral side (o), and 
hemin transport to the opposite side was determined spectrophotometricaJly. A: 
dose response: hemin moved in both directions, but transport from the 
basolateral to the apical side (secretion) was faster. B: time course: hemin 
secretion (100 \iM) and absorption (100 \]M) were examined at 15 min, 
30 min, I h, 2 h, 6 h, and 24 h. Hemin absorption and secretion were very low 
and not different the first 1 h of exposure. Hemin secretion increased with time; 
absorption was stable after 2 h. n = 4, *P < 0.05; **P < 0.01, 
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Fig. 4. Tin protoporphyrin (SnPP) transport in Caco-2 cells. Caco-2 cells were 
j treated with SnPP from the apical side (•) or the basolaleral side (O) for 24 h. 
I and transpon to the opposite side was determined spectrophotometrically. As 
I with hemin. basolateral SnPP secretion was faster, n = 5, *P < 0.01. 
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I Fig. 5. Effect of hemin on Caco-2 cell paracellular permeability. Caco-2 cells 
were grown on filters and transepithelial resistance (TER) (A) or pH]mannitol 
1(0.2 p.Ci/ml) flux (J?) was measured after 24 h of treatment with hemin 
I (10-250 \jM) from the apical (•) or basolateral (O) side. At high concentra- 
tions (a200 IJ.M), basolateral hemin reduced Caco-2 cell TER and induced 
pHlmannitol flux, n = 8. ♦P < 0.05; **P < 0.01. 
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Fig. 6. Effect of temperature on hemin transport in Caco-2 cells. Confluent 
Caco-2 cells grown on filters were treated with hemin from the apical side (A) 
or the basolateral side (B) and hemin (nmol'Cm~^-6 h"') transport to the 
opposite side was determined spectrophotometrically. Low temperatures 
slowed hemin absorption and secretion. « = 1 1 For apical hemin, n = 9 for 
basolateral hemin; *P < 0.05; ♦*P < 0.01. 



did not increase absorption of 10 pM SnPP (0.045 ± 0.003 vs. 
0.043 ± 0.008 nmol-cm"^-6 h"^ after trypsin preincubation, 
n = 5, P = not significant). 

Hemin-induced HO-l expression shows polarity in other 
epithelial cell lines. To determine whether the differential 
responses to hemin were present in other epithelial cell lines, 
we investigated hemin-induced HO-1 expression in two lung 

Table 1. Hemin secretion occurs against a concentration gradient 
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Values are means ± SE in micromoles; n = 4 cells. Confluent Caco-2 were 
treated with the same concentrations of hemin apically and basolateral ly. After 
24 h, hemin was more concentrated on the apical side, confirming that 
secretory transport occurred against a concentradon gradient *P < 0.01. 



AJP'Castrointest Uver Physiol • vol 287 . DECEMBER 2004 - www.ajpgi.org 




Co 
v:S- ■ 

a 



1 0.3 

o 
E 

C 0.2 

.g 

e- 

o 

«J 0.1 

c 

1 

0) 



B 

0.5 



E 

I 0. 

C 

o 
o 

I 

a> 
X 



0.0 



BEST AVAIUBLE COPY 



HEME TRANSPORT IN CACO-2 CELLS 



G1155 




Ifiii 




trypsin denatured trypsin/ \ 



Apical liemin exposure [2S0\xU) 




iilllii 



trypsin denatured trypsin/ 1 



Basolateral hemin exposure (1 OOpM) 

I Fig. 7. Effect of trypsin on hemin transport in Caco-2 cells. Confluent Caco-2 
I cells were grown on filters and incubated with trypsin (0.0025%yEDTA 
(0.001%) for 5 min apically or basolaterally before hemin exposure on that 
side. Cells were then washed and exposed to hemin apically {A) or basolater- 
ally (B) for 6 h. Trypsin increased apical hemin absorption by 3-fold, and had 
I no effect on basolateral hemin secretion, /i = 5 Fbr apical hemin, n = 11 for 
basolateral hemin; **P < 0.01 



Table 2. Trypsin does not affect TER or [^HJmannitol flitx 





Hemin (100 \iM BL) 


Hemin (250 nM A) 




trypsin (-) tt-ypsin (+) 


trypsin (-) trypsin (+) 


TER, (H-cm^ 
[^HJmannitol flux, 
%cpm'cm""^*6 h~* 


1188±44,7 1337±23.6 


1D97±5.6 1068±6.8 
0.9:t0.09 0.75i0.08 



Values are means ± SE of 9 cells for basolateral (BL) hemin and 4 cells for 
apical (A) hemin. Confluent Caco-2 were treated with hemin (250 \lM) 
apically or 100 ^.M basolaterally for 6 h after 5 min preincubation with trypsin 
(0.0025%)-EDTA (0.001%). Trypsin preincubation did not change transepi- 
thelial resistance (TER) and [^H]mannitol flux. P = not significant 



raarily occur after apical hemin exposure. Contrary to our 
expectations, hennin-induced HO-1 expression was far greater 
if the treatment was applied to the basolateral side of the cells. 
This effect was also observed in lung epithelial cells. To our 
knowledge, differential HO-1 expression in response to heniin 
has not been reported in epithelial cells. In the previous studies 
that used Caco-2 cells as an in vitro model for heme transport, 
cells were grown on tissue culture plates, not on porous 
membranes (6, 46), and differential hemin exposure was not 
studied (15). 

Similar to in vivo intestinal epithelium, Caco-2 cells respond 
to many substances differently if given from the apical rather 
than the basolateral side. For example, Caco-2 cells respond to 
the growth stimulating effects of epidermal growth factor, only 
if they are exposed from the basolateral side (5). Cholic acid, 
an irritant bile acid, causes toxicity if given basolaterally, but 
not apically (32). Caco-2 cells show selective apical transport 
for certain amino acids and bile acids, and they respond to 
some bacterial toxins only from the apical side (4, 27. 30). 

The reason for the differential heme responses we observed 
in Caco-2 cells is not known, but it cannot be explained by a 
difference in total cellular heme contents after apical or baso- 
lateral exposure. It seems likely that heme goes to different 
subcellular compartments after apical or basolateral exposure, 
because its effects on HO-1 induction were quite different. We 
postulate diat this differential HO-1 response is related to 
different heme transport mechanisms on the apical vs. basolat- 
eral side of the cells. 

We observed that hemin passes intact to the opposite side of 
the cells and the transport is much faster if cells are exposed to 
hemin from the basolateral side. The intact absorption of heme 



epithelial cell lines, calu-3, H441, and one intestinal epithelial 
cell line, T84 cells. After 100 ^xM of hemin treatment for 24 h, 
HO-1 induction was more pronounced if hemin was applied 
fi om the basolateral side of cells (Fig. 8). This finding suggests 
that the polarity of hemin-induced HO-1 expression may be a 
general phenomenon for epithelial cells and not unique to 
Caco-2 cells. 

DISCUSSION 

j With their ability to take up heme and induce HO-1, Caco-2 
I cells represent a good model to study the intestinal heme 
[transport (6, 15, 44, 46), Because intestinal epithelial cells are 
primarily exposed to heme in vivo coming from the intestinal 
lumen, we hypothesized that the HO-1 induction would pri- 



Control 



Calu-3 cells 



H441 ceUs 



T84 cells 




HO-1 



HO-1 



HO-l 



Fig. 8. Differential induction of HQ-l in alveolar and intestinal epithelial cells. 
CaIu-3, H441, and T84 cells grown on filters were treated with hemin 100 ^iM 
from Uie apical (A) or the basolateral side (BL) for 24 h. Immunoblots were 
performed. Hemin-dependent induction of HO-1 in 3 cells lines was greater if 
hemin was applied basolaterally. The results are representaUve of 3 separate 
experiments. 
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from the intestines into the circulation has been demonstrated 
in guinea pigs (11) but was not seen in dogs or rats (35, 47). To 
our knowledge, the intact absorption or secretion of heme has 
not been examined in humans. Presumably, intestinal epithelial 
cells absorb heme as an intact metalloporhyrin and degrade it 
with HO- 1, and the inorganic iron formed from heme degra- 
dation is handled similarly to nonheme iron acquired by the 
cell through the diet or body stores (9). FoUett et ai. (15) 
studied the absorption of ^^Fe-hemin in Caco-2 cells by mea- 
suring the radioactivity on the basolateral side, but did not 
determine whether the detected ^^e was associated with intact 
I hemin. 

Because hemin was 100% protein bound in our experimental 
I conditions and precipitated in the absence of proteins in the 
medium, we postulated that protein binding played an impor- 
tant role in hemin transport. Protein binding of heme is phys- 
iologically relevant because heme is bound to plasma proteins 
in vivo (34) and to globins in the diet (8). The absorption of 
heme iron is enhanced in Caco-2 cells in the presence of globin 
(15), supporting the importance of protein binding in intestinal 
heme transport. Binding of heme to plasma proteins, mainly to 
hemopexin is known to reduce heme-mediated oxidative dam- 
age by making free heme less available (3, 21) and enhancing 
its endocytosis into cells expressing hemopexin receptors (42). 
Hemopexin-mediated heme uptake is well described in hepa- 
tocytes (43), as well as promyelocytic HL 60 cells (1) and 
human T-lymphocytes (41). The role of protein binding on 
intestinal heme uptake has not been described, and hemopexin 
I receptors have not been reported in intestinal epithelial cells. 

Heme is incorporated into important cellular enzymes (cata- 
I lase, peroxidases, cytochrome c, NOS, NADPH oxidase, etc.) 
and all mammalian tissues contain an inducible HO-1 (39). 
Heme induces HO-1 expression in vivo and in vitro, which will 
then degrade the prooxidant heme, negate its toxic effects, and 
produce important by-products such as carbon monoxide, 
biliverdin, and bilirubin (29). It is not known whether induction 
of HO-1 has a role in hemin secretion or two processes run 
independently but in parallel. The role of HO-1 in . intestinal 
heme transport is not investigated, but its role in iron reutiliza- 
tion is well known. HO-1 null mice develop hypoferremia and 
1 iron overload in their liver and kidney (36). Microcytic hypo- 
Ichroinic anemia, renal, and hepatic iron deposition were also 
I observed in a child with HO-1 deficiency (48). 

In our study, cell-associated hemin increased rapidly over 
I the first 2 h of hemin exposure and reached a plateau after 6 h. 
These early time points should not be significantly impacted by 
cellular heme metabolism because HO-1 is not yet induced 
significantly (44). Although apical hemin associated with cells 
more efficiently than basolateral hemin at these earlier time 
points, hemin absorption and secretion were still low and not 
significanriy different. The role of cellular heme metabolism 
land endogenous heme levels on intestinal heme uptake and 
I transport cannot be estimated from these studies and will be 
I investigated in the future. 

Hemin secretion occurred largely via transcellular pathways 
I (<200 ^jlM) and it was an active process, because it occurred 
I against a concentration gradient. Heme secretion by epithelial 
I cells has not been previously reported. One earlier study 
I suggests that the intestines can acquire heme fi'om the baso- 
lateral side (45). Intravascular heme infusion increased the 
amount of heme and HO-1 in monkey intestine, suggesting the 



presence of basolateral heme uptake in intestinal epithelial 
cells (45). We speculate that heme secretion and HO-1 induc- 
tion may be mechanisms to dispose of circulating heme. 
Differential HO-1 expression in response to heme seems to 
occur in other epithelial cells too. 

The mechanism for differential absorptive and secretory 
transport is not known, but it may be due to different expres- 
sion of heme transporters on the apical and basolateral mem- 
branes. The trypsin experiments raise an intriguing possibility. 
Trypsin may have changed the conformation of an apical 
transporter or a regulatory protein, therefore allowing cells to 
absorb more heme. It is highly unlikely that trypsin increased 
hemin absorption by increasing paracellular permeability; we 
did not observe a decrease in TER or increase in mannitol flux 
with trypsin. Of note, trypsin is an endogenous protease, 
secreted from the pancreas into the intestinal lumen. It will be 
of interest to determine whether there is a role for endogenous 
proteases in regulating heme absorption. 

We observed that another porphyrin, SnPP was also more 
rapidly secreted than absorbed. Unlike hemin, SnPP absorption 
did not increase after trypsin incubation. These results raise the 
possibility that intestinal epithelial cells possess a heme-spe- 
cific transport system that does not recognize all porphyrins. 
These differential responses may be in place to protect humans 
from toxic effects of heme, by increasing its transport from the 
basolateral side and controlling its absorption apically. 

In summary, heme is capable of being acquired and trans- 
ported in both absorptive and secretory directions in polarized 
Caco-2 cells. Secretion is via an active metabolic/transport 
process. Trypsin increases the apical to basolateral transport, 
suggesting the presence of a protein that negatively regulates 
heme absorption by the apical membrane or a protein that is 
activated by cleavage with trypsin. These events may be 
important mechanisms to control heme absorption and prevent 
iron overload in humans. 
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